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A new interface system that consists of an ion decelerator, a floating collision cell-chemical 
ionization ion source, and an ion extractor was designed and installed in the third field-free 
region of a four-sector tandem mass spectrometer. Important features include the use of 
cylindrical deceleration lenses and an extraction lens assembly. This new design was found 
to provide enhancement of ion transmission at low to intermediate ion kinetic energies (3 eV 
to 1 keV) compared with the standard collision cell design. Collision-induced issociation 
experiments from 3 eV to 10 keV and ion-molecule reactions of mass-selected ions can be 
performed conveniently. A second, grounded, collision cell is located after the extraction 
lenses, which allows MS 4 experiments to be carried out via the normal linked (B/E) scan 
function in MS2. Incorporation of chemical ionization capability into the electrically isolated 
collision cell makes it possible to carry out neutralization chemical-reionization mass 
spectrometry. (J Am Soc Mass Spectrom 1995, 6, 175-186) 
ecent progress in generating ions of large 
iomolecules in the gas phase without fragmen- 
ation has greatly enhanced the utility of mass 
spectrometry in the biological and life sciences. The 
structural determination of biomolecules by mass 
spectrometry usually involves the technique of tandem 
mass spectrometry in which the precursor ion is se- 
lected by the first stage mass spectrometer, activated 
by collision-induced issociation (CID), and the ionic 
fragments are analyzed by the second stage mass spec- 
trometer. Structural information then can be deduced 
from an analysis of the masses of the fragment ions. 
Alternative methods of activation are under investiga- 
tion to provide more efficient fragmentation and more 
selective fragmentation. These methods include the 
use of photons [1], electrons [2], surfaces [3], and 
thermochemical reactions [4, 5]. Thermochemical reac- 
tions designed to promote fragmentation of biopoly- 
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mers, and also some ion molecule reactions carried out 
to obtain physicochemical characterization f peptides 
[6], require a range of controlled kinetic energies pro- 
vided most readily by beam mass spectrometers such 
as the four-sector instrument under discussion. 
We have developed a series of tandem mass spec- 
trometry interfaces for a four-sector tandem mass spec- 
trometer toward the goals of providing ions with ki- 
netic energies across a wide range of values, enhancing 
transmission in the low to mid kinetic energy range, 
and incorporating the function of chemical ionization 
into the collision cell [4, 5, 7]. Our target analytes are 
heavier ions (> 1000 u) produced by desorption tech- 
niques such as fast-atom bombardment. This paper 
describes the features and performance of a new tan- 
dem mass spectrometry interface-collision cell assem- 
bly. Several types of experiments also are reported that 
are facilitated with this interface: CID over a range of 
collision energies from 3 eV to 10 keV, ion-molecule 
reactions of mass-selected ions; a novel experiment 
that permits determination of MS 4 product ion spectra, 
and neutralization-chemical reionization mass spec- 
trometry (NCRMS). 
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The New Tandem Mass Spectrometry 
Interface 
Deceleration of ions that move with kilovolt energies is 
not trivial and has been a goal of instrumentalists for 
many years [8-19]. Many studies have been carried 
out in hybrid configuration instruments (typically 
BEqQ), where the high energy ions generated from a 
sector mass spectrometer are decelerated, refocused, 
and injected into devices like a quadrupole [9, 12, 13, 
16], hexapole [11], octapole [15], or drift cell [14]. A 
few groups have addressed the problem of decelera- 
tion for collisions in four-sector instruments, experi- 
mentally [10, 17, 19] or theoretically [18]. McLafferty et 
al. [10] introduced a three-element deceleration lens 
into the interface in an early four-sector instrument. 
Our design differs from that benchmark effort in sev- 
eral ways: Our three retarding lenses are cylindrical; 
our collision cell can be floated electrically; the colli- 
sion cell is followed by a lens assembly that extracts 
and refocuses ions formed there. Recently Yu and 
Martin [19] reported the use of a three-element Einzel 
lens to improve deceleration on a standard JEOL inter- 
face; they also added extraction lens. 
In the present work, the decelerated ions are refo- 
cused, reaccelerated, and injected into the second dou- 
ble-focusing sector mass spectrometer where both in- 
struments are operated at 10 kV. The lens system for 
this interface (Figure lb) uses tubular-shaped lens ele- 
ments and is designed to achieve enhanced ion trans- 
mission at low energies relative to that available at 
high energies. Our lens is optimized outside the range 
calculated by Harting and Read [8] (33:1), and this 
work, along with that of Yu and Martin [19], shows it 
is possible to have efficient ion transmission at consid- 
erably higher deceleration ratios. 
The tandem mass spectrometry interface of the JEOL 
HX110/HX110 (Peabody, MA) four-sector mass spec- 
trometer (EBEB geometry), located in the third field- 
free region (FFR), was originally designed to achieve 
high transmission of ions with kilovolt kinetic energies 
(Figure la). The collision cell is electrically isolated 
from instrumental ground and therefore can be oper- 
ated either at ground or at potentials that range from 
0 eV to 10 keV. (In our laboratory, it is typically 
operated at 4 keV, the so-called floated condition, for 
regular CID experiments to obtain better transmission 
and resolution of low mass ions.) The ion beam from 
MS1 can be refocused at any point near the source slit 
of MS2 by the electrostatic quadrupole lens doublet 
(QPD) [20]. The new tandem mass spectrometry inter- 
face includes the following modifications (Figure lb) 
relative to the standard interface (Figure la): (1) the 
retarding lens is replaced by a set of three cylindrical- 
shaped deceleration lenses; (2) the acceleration lens is 
replaced by a set of three extraction lenses; (3) the 
collision cell is modified so that both standard CID and 
chemical ionization experiments can be done with the 
same cell. In addition, a grounded collision cell can be 
placed between the extraction lenses and the second 
electric sector. The extraction lens design is similar to 
the lens assembly used in the standard JEOL electron 
ionization-chemical ionization (EI/CI) ion source. Be- 
cause this lens was designed to extract ions created in 
the ion source, it also can be used to extract effectively 
the dissociation products generated within the colli- 
sion cell, when it is operated at or near the normal 
acceleration potential of MS1. 
A computer program ELECTRA, which is based on 
a charge density method [21] and the Runge-Kutta 
method, was used in this ion optical design [18]. By 
using ELECTRA one can calculate ion trajectories in 
the two-dimensional, cylindrically symmetric three-di- 
mensional, and general three-dimensional spaces. In 
cases where simple initial conditions are used to de- 
scribe the motion of the ions, one can determine the 
opt imum lens potential for the objective of the lens 
[22]. In the present case, however, the optimum lens 
Figure 1. Schematic diagram of (a) the pre- 
vious and (b) the new tandem mass spec- 
trometry interface for the four-sector tandem 
instrument. 
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potential depends on many parameters, such as the 
initial conditions of ion formation in the ion source, 
extraction optics of the ion source, ion optics of MS1, 
setting of the quadrupole lens doublet in the interface, 
reaction mechanism of CID, and the ion acceptance of 
MS2. Accordingly it was practically impossible to ex- 
plicitly determine the optimum lens potential and esti- 
mate the ion transmission by computer simulation 
alone. Therefore we experimentally determined the 
optimum lens potentials and we have measured the 
ion transmission. 
Ion T ransmiss ion  
The effect of ion kinetic energy on transmission by the 
new tandem mass spectrometry interface was evalu- 
ated by comparison with the results obtained for the 
regular interface under the same experimental condi- 
tions (resolution, slit settings, detector settings). The 
measurements were made by recording the relative 
signal intensities at a detector located before the tan- 
dem mass spectrometry interface at the double focus- 
ing point of MS1 and those at a detector located after 
the interface and at the double focusing point of MS2. 
The signal intensity of the second detector was opti- 
mized by adjusting the voltages of the several interface 
lenses for each kinetic energy studied. The kinetic 
energy of the ion is given by Ej,~b = e[Vac c - Vcotl], 
where Vac  is the acceleration voltage of MS1 and V~o]l 
is the floating voltage of the collision cell (both regular 
and modified); the values of these voltages were deter- 
mined by using a high voltage probe with an accuracy 
of + 1 V. Figure 2 shows the result of the transmission 
measurement for m/z  1951 cations generated from CsI 
by fast-atom bombardment (FAB). For either cell, the 
ion transmission is normalized to the highest value to 
remove factors due to any differences in detector sensi- 
tivity. The two interfaces give essentially the same ion 
transmission in the range of Ela b = 1 keV to 6 keV. 
Below Ela b = 1 keV, the new interface is superior in 
ion transmission. For the greater part of this low to 
intermediate energy region (3 eV to 1 keV), the trans- 
mission for the new interface is roughly three to four 
times better than the regular interface relative to trans- 
mission at 6 keV. 
The effect on ion transmission of the three cylindri- 
cal deceleration lenses in this new design was evalu- 
ated by first optimizing ion transmission at a given 
Ela b and then setting the voltages of L1 and L2 to zero 
and readjusting L3 (Figure lb) and other voltages of 
the interface to reoptimize ion transmission. In this 
way, the two additional cylindrical deceleration lenses 
are found to enhance the ion transmission by 10% at 
Ela b = 1 keV. The contribution of L1 and L2 to the 
enhancement of ion transmission increases teadily as 
the Ela b decreases and it amounts to about 200% at 
Ela b = 50-100 eV. The increase in transmission also is 
affected by the three extraction lenses located after the 
collision-chemical ionization (CI) ion source cell. 
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Figure 2. (a) Ion transmission as a function of kinetic energy for 
the previous tandem mass spectrometry interface and the new 
interface (Cs,l~, m/z 1951 was used). Transmissions values are 
normalized to the highest. (b) Expanded view of (a) in the low 
kinetic energy region. 
However, the improvement in ion transmission is un- 
even and the greatest gain is around Ela b = 200-300 
eV (Figure 2b). The local minima and maxima seen in 
Figure 2 may reflect the interplay between the de- 
creased ion transmission due to the divergence of the 
ion beam at low kinetic energies and the increased role 
of interface lenses in extracting and refocusing the ion 
beam at these low energies. In a typical setting, the 
three deceleration lenses have voltages progressively 
higher from L1 to L3, for example, 1.53, 2.08, and 2.50 
kV when the collision cell is floated at 4 kV. No 
appreciable changes were observed with regard to 
kinetic energy spread. 
Collision-Induced Dissociation of 
Arginine-Containing Peptides at Different 
Collision Energies 
Because the fragment ions from CID experiments pro- 
vide information with regard to the structure of the 
precursor ion, a better understanding of the energy 
dependence of the fragmentation process is important. 
With regard to peptides, high (kiloelectronvolt) and 
low (< 100-eV) energy CID have been studied exten- 
sively by using sector [23, 24], multiple quadrupole, 
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and hybrid [25] instruments, respectively. It has been 
observed that kiloelectronvolt CID produces abundant 
d,, wn, and vn types of fragment ions (the nomencla- 
ture here is after Biemann [23]), which are derived 
from side-chain cleavages [24]. Those ions can be used 
to distinguish isomeric residues [26], but also can in- 
crease the complexity of the CID spectra. By using 
conditions employed for low energy CID, however, 
those side-chain cleavage ions are not observed even 
though the multiple collision conditions usually used 
can produce quite efficient fragmentation for peptides 
up to 1000 u [27]. The high energy requirement for the 
formation of side-chain cleavage ions is consistent with 
the notion that they are formed through charge-remote 
processes [24, 26, 27]. 
Standard collision cells that have been produced for 
both sector and quadrupole-hybrid nstruments have 
not been optimized for use at potentials in the energy 
region between 100 eV and 1 keV, where the onset for 
production of side-chain-specific cleavage products oc- 
curs, and this range has not been well investigated. By 
using a four-sector instrument, Martin et al. [28] re- 
ported that the dl0/al0 ion ratio for renin substrate 
tetradecapeptide, a peptide with arginine near the N- 
terminal, decreases drastically when the collision en- 
ergy goes below 1 keV and that for /3-1ipotropin, a
peptide with no strongly basic residues, v 8 and w 9 
ions essentially disappear at Ela b below 2 keV. Alexan- 
der et al. [29] used a hybrid mass spectrometer to 
investigate the collision energy dependence of charge- 
remote fragmentations and concluded that collision 
energy of at least 200 eV is required to observe these 
processes. By taking advantage of the increased ion 
transmission provided by the new interface in this 
intermediate nergy region, we have studied the en- 
ergy dependence of CID process for three peptides: 
renin substrate tetradecapeptide (DRVYIHPFHLLVYS, 
MW = 1758 u), bradykinin (RPPGFSPFR, MW = 1060 
u) and leucine enkephalin-arginine (YGGFLR, MW = 
711 u). These sequences have arginine at the N-termi- 
nal (renin substrate), the C-terminal (leucine 
enkephalin-arginine), and at both termini (bradykinin), 
and their molecular weights range from 711 to 1758 u. 
Figure 3 shows the CID spectra of renin substrate at 
Ela b = 6, 1 keV, 600, 500, 300, and 100 eV, all at target 
gas pressures that attenuate the beam by 80%. The 
precursor ion peaks are plotted off-scale so that the 
fragmentation patterns may be examined. The spec- 
trum at 1 keV (Figure 3b) is very similar to the one 
taken at 6 keV (Figure 3a) in that the relative distribu- 
tion of the product ions is consistent in each spectrum. 
In the spectra the a,. and d,, series of ions dominate 
due to the presence of arginine near the N-terminal. 
Most of the d, ions are not observed in the Ela b = 
600-500-eV spectra, except for the d 3 and d u ions that 
persist even at 100 eV (see insert in Figure 3f for d 3 
ion); at the same time, relative abundances of b,, and 
c, ions increase as Ela b is reduced. There are also 
subtle changes among d,, ions. For example, the d 8 
ions (cleavage in the side chain of phenylalanine) dis- 
appear between 1 keV and 600 eV; d 5 (isoleucine), dl0 
(leucine), and d12 (alanine) ions become undetectable 
between 600 and 500 eV. Similar features also are 
observed for the other two peptides tudied, that is, (1) 
there is very little difference between CID spectra 
taken at 6 and 1 keV; (2) most of d,,, w,,, and v,, ions 
are not observed below Ela b = 500 eV,  whereas b,,, c,,, 
and y,, type ions are enhanced; (3) some d,, and w,, 
ions persist down to Ela b = 100 eV. These persisting 
side-chain cleavage ions are either from residues with 
labile bonds (d  6 and w 4 from serine residue in 
bradykinin) or in a position proximate to the arginine 
(d  3 from valine in renin substrate tetradecapeptide and 
w 2 from leucine in leucine enkephalin-arginine). It is 
likely that those latter side-chain cleavage ions are not 
formed by a charge-remote process, but rather by 
charge-proximal processes because the residues with 
those side chains are next to the arginine, the most 
basic amino acid [30] on which the proton is most 
likely to be localized. The different energy at which the 
onset of side-chain fragmentation occurs in each 
molecule studied reflects the nature and position of 
these specific residues. 
Earlier, Bordas-Nagy et al. [31] published high en- 
ergy CID spectra of several peptides, which included 
renin substrate tetradecapeptide, and compared He 
and Ar as collision gases. They observed that Ar colli- 
sion gas gave more abundant side-chain cleavage ions 
than He at 4-keV collision energy. Interestingly, both 
the 6- and 1-keV He CID spectra of renin substrate 
acquired in this study are similar to the 4-keV Ar CID 
spectrum published by Bordas-Nagy et al., whereas 
the 600-eV He CID spectrum reported here is similar 
to the earlier 4-keV He CID spectrum. These differ- 
ences probably are due to the different instruments 
used in each of these studies. 
Neutralization-Chemical Reionization of 
Renin Substrate Tetradecapeptide 
Neutralization-reionization (NRMS) via electron trans- 
fer reagents has been studied extensively by a number 
of groups and it has been shown to be a powerful 
method for the study of structures of ions and proper- 
ties of reactive neutral species [32]. In a previous 
publication [5], we showed the possibility of the use of 
proton transfer eagents to achieve neutralization and 
reionization and termed it neutralization-chemical 
reionization mass spectrometry (NCRMS). The method 
of NCRMS allows the use of the same collision cell and 
the same target gas to carry out both neutralization 
and reionization, and the process is well suited for ions 
generated from desorption and spray processes from 
which protonated molecular ions are formed. When 
the new interface was evaluated, we observed neutral- 
ization and chemical-reionization f renin substrate 
(MW = 1758) by using methane as the neutralization- 
reionization gas. 
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Figure 3. CID spectra of renin substrate tetradecapeptide with He as collision gas at E]a b values of 
(a) 6 keV, (b) 1 keV, (c) 600 eV, (d) 500 eV, (e) 300 eV, and (f) 100 eV (80% attenuation of precursor 
ion beam; resolution = 1000). 
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Spectra obtained by reactions with CH 4 are shown 
in Figure 4. In spectrum 4a the ions recorded are 
considered to be formed by transfer of protons from 
the peptides to CH 4 (neutral ization of the peptide). 
Proton or charge transfer in a collision complex from 
the arginine-containing peptide to CH 4 would be 
highly endothermic, and alternative mechanisms are 
under  consideration. Davis et al. [33] have suggested a 
mechanism analogous to charge stripping for proton 
transfer observed from a peptide to NH 3 a t  collision 
100. 
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Figure 4. Product ion spectra for reactions of protonated renin substrate tetradecapeptide with 
CH 4, El, b = 50 eV. Nominal pressure of (a) CH 4 0.2 torr, filament off; (b) CH 4 0.05 torr, filament off; 
(c) CH 4 0.05 torr, electron current 300 p,A. 
182 CHENG ET AL. J Am Soc Mass Spectrom 1995, 6, 175-186 
energy too high to allow complex formation. Spectra 
4b and c were obtained at a lower pressure of CH 4 
with the electron beam in the dual collision-chemical 
ionization cell turned off and on, respectively. The 
latter condition can be seen to enhance production of 
fragment ions. Several interpretations are possible. One, 
chemical ionization of neutral fragments formed by 
CID, is less likely because all of the fragment ions 
observed comprise the same arginine-containing part 
of the molecule. The masses of the c, ions observed 
are not consistent with fragmentation by electron im- 
pact processes [34], that is, ionization by the electron 
beam. A third interpretation is that the increase in 
fragmentation is derived from exothermic hemical 
reionization of the peptides. The dl0 and dl~ ions are 
of particular interest because this experiment was car- 
ried out at Eta b = 50 eV. In CID with He, di0 ions are 
not detected and d]l ions are observed with very low 
intensity below Ela b = 600 eV (vide supra). The 
exothermicities for reionization of neutral renin sub- 
strate by CH~ and C2H_~ (the most abundant ionic 
species in the collision cell when the filament is turned 
on) are estimated to be 120 and 90 kcal/mol or 5.2 and 
3.9 eV, respectively, based on proton affinities (PA) of 
132 kcal/mol for CH 4, 163 kcal/mol for C2H 4 [35] 
and > 255 kcal/mol estimated for renin substrate tet- 
radecapeptide based on PA = 245.2 kcal/mol for argi- 
nine [30] and increments for each additional residue 
[36]. These exothermicity values correspond to the 
center of mass collision energy (Ecru) for CID of renin 
substrate ions with He at Ela b = 2.3 and 1.7 keV, 
respectively. Thus the exothermicity of the reionization 
step is enough to cause the types of fragmentation that 
are typically achieved in high energy CID. 
MS 4 Exper iments 
Multiple-stage mass spectrometry (MS", n > 2) is a 
very useful technique for studies of internal energy 
deposition and fragmentation pathways [37, 38] and 
has been used in structural mass spectrometry as well 
[39, 40]. MS 4 and MS ~ have been demonstrated in a 
four-sector tandem instrument with high energy CID 
[38]. In our previous MS 3 experiment [40], successive 
CID was completed by using two collision cells located 
in the first and third FFR, respectively. By floating the 
second collision cell, sensitivity for low mass ions was 
enhanced. Now with another grounded collision cell 
located after the extraction lenses in the third FFR, MS 4 
has been carried out successfully. 
The electrostatic sector is an energy analyzer 
whereas the magnetic sector separates ions with re- 
spect to their momentum-to-mass ratios. In a C1D 
process via a sector instrument, all the product ions 
derived from the selected precursor have the same 
nominal velocity because momentum is conserved and 
changes in kinetic energy by loss to target molecules or 
conversion of internal energy are negligible. Thus the 
momentum-to-mass ratio is equivalent to the mass-to- 
charge ratio for these experiments. It is convenient to 
represent the scan scheme in a two-dimensional dia- 
gram (Figure 5) for tandem sector instruments, where 
one dimension is energy and the other is mass-to- 
charge ratio. A constant B/E product ion scan is repre- 
sented as a straight line with positive slope in this 
two-dimensional plot. In the MS 4 experiments de- 
scribed here the first generation product ions, formed 
during CID in the first FFR collision cell, were selected 
by using MS1 (E~B~) and transmitted to the second 
Figure 5. Scheme for the scan function 
relationship between energy and mass ana- 
lyzers that illustrates the scanning lines 
followed by the different MS 4 experiments 
for which results are shown in Figures 6 
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collision cell in the third FFR of the instrument. The 
second generation product ions formed in the second 
collision cell were transmitted directly to the third 
collision cell without any mass or energy separation. 
The second collision cell was floated to 5 kV above 
instrumental ground while the third collision cell was 
operated at ground potential. Thus, all of the second 
generation product ions formed in the second collision 
cell should have kinetic energy above 5 keV. Conse- 
quently, all of the third generation product ions formed 
in the third collision cell can be separated due to 
differences in their kinetic energies and mass-to-charge 
ratios by scanning the MS2 (E2B 2) instrument via the 
constant B /E  linked scan. We have collected the third 
generation product ion spectra via this method. The 
actual scan schemes in these MS 4 experiments are 
described in Figure 5. Selectivity of precursor ions for 
the third generation product ions was expected to be 
poor (several units) and artifacts easily generated. 
Nonetheless, the advantage of this configuration is that 
it avoids the complexities of installation of a collision 
cell between the second E and B sectors to complete 
the additional step of CID. 
Sequential reactions of leucine enkephalin in MS 2, 
MS 3, and MS 4 experiments are shown in Figure 6. 
Reactions tudied in these MS 4 experiments are MH ÷ 
b 4 ~ b 3 ~ fragments. No new ion dissociation 
pathways were identified in either the MS 3 or MS 4 
experiments. The CID spectra of tyrosine immonium 
ions that originate from leucine enkephalin are shown 
in Figure 7. The sequential reaction MH+~ a 1 
fragments was followed by using two different kinds 
of MS 3 experiments. The first method involves the use 
of the first and second collision cells located in the first 
and third FFR (Figure 7a) to effect sequential CID 
processes, whereas the other uses the second and third 
collision cells, which are both located in the third FFR, 
with the second cell floated at 5 kV and the third 
operated at ground potential (Figure 7b). Reactions 
studied in an MS 4 experiment were MH+~ b 4 --~ a 1 --* 
fragments (Figure 7c). All three CID spectra of tyrosine 
immonium ions are identical, although the experi- 
ments are different. Ions of m/z  119 were observed to 
be formed by loss of NH 3 and ions of m/z  107 were 
formed by loss of HN~CH 2. 
Discussion 
The ion-retarding system incorporated into the inter- 
face reported here comprises three cylindrical lenses 
and was designed with computer support to provide 
deceleration through a ratio in excess of 330:1. A three 
lens system for extracting and refocusing ions out of 
the collision cell also is important for improved trans- 
mission, especially when collisions occur at low en- 
ergy. 
Although the floatable coll ision-chemical ionization 
cell and the additional grounded collision cell provide 
capabilities for new kinds of experiments on four- 
sector analyzers, the most important feature of the 
interface is its enhanced ion transmission at low to 
intermediate nergies. This has facilitated a variety of 
experiments that involve energy-dependent  ion 
molecule collisions and/or  reactions. In addition to 
neutral ization-chemical reionization illustrated here 
with renin substrate tetradecapeptide, we also have 
used the interface for H /D  exchange [41], target cap- 
ture [6], ionization of neutral peptides released from 
proton-bound imers [42], charge sign inversion [7], 
and dissection of entropy effects in proton-bound 
dimers [6, 43]. 
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